INTRODUCTION
Exposure to secondhand smoke (SHS), a combination of the smoke emitted at the burning tip of a cigarette and smoke exhaled by the smoker, is associated with an array of adverse health effects (1). While public health efforts such as smoke-free air policies in workplaces and public places have been successful in reducing exposure to SHS (2) and related diseases (3, 4) , 126 million people remain exposed to SHS daily in the U.S., of which 22 million are children (1, 5) . Further, the decline in SHS exposure among non-smokers has been slower among children than adults (6, 7) . Exposure to SHS in childhood is linked to an increased risk of asthma, sudden infant death syndrome (SIDS), otitis media, upper respiratory tract infections, and behavioral problems (5) .
Motor vehicles (cars) are an important source of exposure to SHS in children. On average, people spend more than an hour a day in motor vehicles (8) and smokers often smoke while driving or as passengers. The prevalence of SHS exposure was found to be higher in cars (9.2%) than in homes (6.0%) among adults enrolled in the National Adults Tobacco Survey (9) . Also, as many as 48% of smoking parents smoke with children present in the car (10).
Estimation of the health risks associated with SHS in cars depends on accurate measurement of exposure. Although air particulate matter less than 2.5 µm (PM 2.5 ), carbon monoxide (CO), and nicotine have been used to characterize SHS exposure in cars (11, 12) , biomarkers constitute the most objective method of measuring intake or dose. Few published studies have reported on biomarkers of exposure to SHS in vehicles. In one study, urine cotinine, the primary proximate metabolite of nicotine, was measured in nonsmoking adults and children after 2 hours of heavy SHS exposure from 78 smoked cigarettes in a tour bus with closed windows (13) . This study vastly overestimates most SHS exposure scenarios in automobiles in 3 the U.S. In a recent study we presented the 24 hour time course of biomarkers of nicotine and tobacco-specific nitrosamines in nonsmokers after an hour exposure to SHS from 3 smoked cigarettes in a stationary car (14) .
Volatile organic compounds (VOCs) represent an important class of carcinogens, toxicants, and/or irritants present in tobacco smoke (15) . It is thought that the gas phase constituents in mainstream tobacco smoke contribute heavily towards tobacco smoke cancer, cardiovascular, and respiratory risk indices (16, 17) . Intake of VOCs can be measured using highly specific mercapturic acid metabolites formed from glutathione S-conjugates (GSH) via the mercapturic acid pathway and excreted in the urine (18) . VOC mercapturic acid metabolites have been measured in cigarette smokers, water pipe users, and nonsmokers (18) (19) (20) (21) .
Although a few studies have reported mercapturic acid metabolite excretion in people who may have been exposed to SHS (22) , to the best of our knowledge, no study has reported pre-and post-SHS exposure levels of mercapturic acids. The aim of this study was to investigate the simultaneous excretion of mercapturic acid metabolites of nine different VOCs following one hour exposure to SHS in a stationary automobile. As a secondary aim, we used particulate matter (PM 2.5 ) concentrations measured in a concurrent study (23) to estimate air VOC to urine mercapturic acid ratios that can be used in computations of lifetime excess risk (LER) of lung cancer and cancers associated with exposure to benzene and 1,3-butadiene, two known human carcinogens, and acrylonitrile, a probable human carcinogen. The LER is excess cancer risk caused by exposure to an agent that is in addition to any cancer risk carried by an individual not exposed to the agent.
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METHODS
Overview
The data presented in this paper were collected as part of a study of SHS exposure in motor vehicles, the details of which have been published previously (23) . The study was conducted in the Clinical Research Center at San Francisco General Hospital (SFGH) and in an automobile parked in a nearby parking lot. The engine of the vehicle was off for the duration of the exposure period and the vehicle remained stationary. A 1992 Jeep Cherokee owned by a smoker was used in the study. The smoker sat in the driver's seat and smoked three cigarettes over the course of an hour (at 0, 20, and 40 min). The cigarette was held in the smoker's right hand. A nonsmoking participant sat in the right rear seat of the car. The front and rear windows of the Jeep were open 10 cm. This opening was selected based on informal discussion with nonsmokers exposed to SHS and appeared to be the minimum opening that would be generally tolerated. Air sampling devices were collocated in the middle of the backseat and tube inlets were placed at the approximate breathing zone. Air concentrations of tobacco smoke constituents have been previously reported (23) .
Fourteen nonsmokers and one active smoker participated in the study. The smoker's role was limited to smoking cigarettes in the car during the 1-hour SHS exposure period. The nonsmoking participants were balanced by sex and were healthy with recent histories of SHS exposure but were asked to avoid SHS exposure 7 days prior to the study day. Prior exposure was required to ensure that we were not exposing subjects to an unfamiliar risk. Details of air sampling procedures inside the car and ambient (background) for nicotine, CO, and respirable particulate matter (PM 2.5 ) have been described previously (23) .
Analytical chemistry
The following mercapturic acid metabolites of VOCs were measured in the pre-exposure, 
Statistical analysis
Descriptive statistics were computed for pre-exposure (baseline), 0-8 h post-exposure, and maximum (peak) post-exposure concentrations of mercapturic acid metabolites (arithmetic means, geometric means, and medians). Within-subject differences in pre-and post-exposure biomarker concentrations were assessed using Wilcoxon signed rank test. Statistical analyses were carried out using SAS v. 9.3 (SAS Institute, Inc., Cary, NC, USA) and statistical tests were considered significant at α = 0.05.
The cancer risk due to inhalation of VOCs in SHS can be computed using Equation 1, which was applied recently to estimate cancer risks from VOC exposure among patrons and servers exposed to SHS in restaurants and bars (25) . While only PM 2.5 concentrations were used in that analysis to estimate VOC exposure from SHS in the absence of air VOC measurements, air nicotine concentrations can be similarly used. 
LER of cancers = C SHS
(Equation 2)
The VOC ratio (air to urine) reported here can be used to predict C SHS-VOC as shown in Equation 3 to estimate cancer risks in studies where PM 2.5 , nicotine, or VOCs were not measured in air.
C SHS-VOC (µg/m 3 ) = VOC ratio (air to urine) × study-∆VOC (urine) × F
(Equation 3)
Where, study-∆VOC (urine) is the change in mercapturic acid metabolites following SHS exposure in a study and F is the study's population-specific adjustment factor. Table 1 MHBMA-3 (2.7-fold), MMA (1.9-fold), and PMA (1.6-fold) were significantly higher than preexposure concentrations.
RESULTS
The parameters used to estimate air to urine VOC ratios and LER of death from cancer for acrylonitrile, benzene, and 1,3-butadiene are shown in Table 3 . The ratios were estimated using the baseline-corrected 0-8 h post-exposure concentrations (time-weighted average concentrations); the baseline-corrected peak concentrations of the mercapturic acid metabolites (similar to a spot urine concentrations); and, the measured time-integrated PM 2.5 and air nicotine.
The estimated air to urine ratios of VOCs obtained using PM 2.5 were approximately double the estimated ratios using air nicotine. The LER of overall cancer death, representing the sum of risks from exposure to acrylonitrile, benzene, and 1,3-butadiene emitted in SHS for adults, was
15.5×10 -6 using air nicotine to estimate air VOC exposure and 28.1×10 to 28.1×10 -6 , depending on whether air nicotine or PM 2.5 was used to estimate air VOC exposure.
Exposure to SHS in various settings including bars, casinos, and outdoor locations results in absorption of toxic tobacco smoke constituents such as tobacco-specific nitrosamines (29) (30) (31) which are known to be associated with increased risk of lung cancer (32) . Besides lung cancer, SHS causes stroke, nasal irritation, reproductive effects in women, and coronary heart disease in adults, and middle ear disease, impaired lung function, lower respiratory illness, and SIDS in children (33). Given the wide array of SHS-related diseases, data on intake of tobacco smoke constituents other than tobacco-specific nitrosamines are essential to assessing SHS health risks beyond lung cancer. The emergence of VOCs as an important class of toxicants in tobacco smoke due to their biologic activity and overall high levels in tobacco smoke underscores the need for data on VOC exposure from SHS (25) . µg/km (43). In our study, baseline levels of 2-HPMA, 3-HPMA, AAMA, CNEMA, HMPMA, MHBMA-3, and PMA in our subjects were at least 2-fold lower than levels measured in nonsmokers in the U.S. general population; HEMA was 4-fold higher at baseline in the current study participants than in the U.S. general population (44) . Given that tobacco smoke is a major source of VOCs to nonsmokers, lower baseline mercapturic acid levels in our subjects compared to the U.S. general population is consistent with lower smoking rates and lower levels of SHS 13 exposure in California (particularly in the San Francisco Bay area) compared to other states (45) .
Comparisons of background levels of mercapturic acids across studies should be done cautiously due to differences in dietary and environmental exposures in different populations and differences in assay performance at low concentrations. While cancer is a major concern for adults, diseases such as asthma and other respiratory outcomes are primary concerns for children. The average 1-hour time-integrated, backgroundcorrected PM 2.5 (1155 µg/m 3 ) measured concurrently in this study exceeds threshold levels that are considered hazardous by the U.S. EPA National Ambient Air Quality Standard (NAAQS).
Even when averaged over 24 h (since the NAAQS is a 24 h standard), the average PM 2.5 levels correspond to an Air Quality Index that is deemed unhealthy for sensitive groups. Respiratory outcomes are expected at these high PM 2.5 levels. Exposure to VOCs is also known to be associated with asthma in both children and adults (46, 47) . Compared to the mercapturic acid concentrations reported here, 24-hour post-exposure concentrations of AAMA, CNEMA, 3-HPMA, 2-HPMA, MHBMA, and PMA ranged from ~2-fold (PMA) to ~35-fold (CNEMA) higher among cigarette smokers in a recent study from our research group (21) . It should be noted however, that there is no risk-free level of carcinogens, and all 7 biomarkers which increased significantly post-exposure are mercapturic acid metabolites of human or animal carcinogens.
A limitation of our study is that our exposure scenario may not be representative of most smoking situations in cars. We employed a stationary car with partially opened windows, and ventilation in this scenario is lower than most moving cars with windows in various configurations and/or air conditioning system on. We also used only one type of cigarette. While it is likely that we have overestimated SHS exposure for some people using our exposure scenario, namely, cars being driven with windows opened, air concentrations of PM 2.5 , CO, and 14 nicotine previously reported from this study (23) are consistent with other studies of PM 2.5 , CO, and air nicotine after cigarettes are smoked in closed cars and at various ventilation system configurations (11, 48, 49) . Given the lower SHS levels in cars being operated with opened windows, the LER of lung cancer may be lower than what we have estimated under the current scenario. Further, the LER of cancer risk was estimated from exposure to just the three VOCs for which we had AUR data and are human or probable human carcinogens. SHS contains a number of other carcinogenic chemicals, so our risk estimate is low. Likewise our risk estimate is low because we did not consider potential childhood exposure to VOCs. We did not do that because of difficulty modeling changing ventilatory rates across the years of childhood. We know that children experience even higher levels of systemic exposure to chemicals in SHS than do adults, and LER would have been higher had we included childhood exposure.
CONCLUSION
This is the first study, to the best of our knowledge, which shows increased excretion of mercapturic acid metabolites of toxic or carcinogenic VOCs after brief exposure to SHS. The greatest increase in 0-8 h post-exposure compared to baseline was for MHBMA-3 (1,3-butadiene) (2.1-fold), then CNEMA (acrylonitrile) (1.7-fold), PMA (benzene) (1.6-fold), MMA (methylating agents) (1.6-fold), and HEMA (ethylene oxide) (1.3-fold). These results support the idea that smoking in cars may be associated with increased risks of cancer, respiratory, and cardiovascular diseases among nonsmokers. Children and nonsmoking adults with pre-existing conditions such as asthma and a history of cardiovascular diseases should be protected from SHS exposure in cars. Notes: Measurements of air exposure for this study has been previously published and referred to as "Set 2" (23).
TABLES
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